Introduction
We have been investigating the influence of atmospheric turbulence on the propagation of a picosecond laser pulse. The figure of merit of presented results is the time of propagation, its absolute delay and jitter. Phase wavefront deformation or beam profile changes were not studied. The correlation of the atmospheric turbulence with the propagation delay fluctuation was measured. The research was motivated by the needs of highly precise laser ranging of ground, air, and space objects; and highly precise and accurate time transfer ground-to-space and ground-to-ground by means of picosecond optical laser pulse. Firstly for comparison, lets briefly summarize the effects of a turbulent atmosphere to continuous laser beam. The total effect of atmospheric turbulences on a continuous laser beam propagation is a highly complex subject. Atmospheric turbulences can be defined as random spatial variations in the refraction index of the atmosphere resulting in a distortion of the spatial phase fronts of the propagating signal. Spatial phase front distortion induces the variable path of light energy and thus all effects described later on. Variations of the refraction index are caused by the turbulent motion of the atmosphere due to the variations in temperature and gradients in the water vapour. Following (Degnan, 1993) , the optically turbulent atmosphere produces three effects on low power laser beams: 1) beam wander, 2) beam spread and 3) scintillations. Severe optical turbulence can result in a total beam breakup. Beam wander refers to the random translation of the spatial centroid of the beam and is generally caused by the larger turbulent eddies through which the beam passes. In astronomical community it is usually referred as seeing. Beam spread is a short term growth in the effective divergence of the beam produced by smaller eddies in the beam path. The two effects are often discussed together in terms of a "long term" and "short term" beam spread. The "long term" beam spread includes the effects of beam wander, whereas the "short term" beam spread does not. For more details, see (Degnan, 1993) . Maximum turbulence occurs at mid-day in the desert (low moisture) under clear weather conditions. For the usual laser wavelength of 532 nm one can expect 2.4-4.6 cm for the coherence length at zenith angles of 0° and 70° respectively. At the tripled Nd:YAG wavelength (355 nm) the corresponding values are 3.1 and 1.6 cm (Degnan, 1993) . Turbulence induced beam spreading will only have a significant impact on beam divergence (and hence signal level) if the coherence length is on the order of, or smaller than, the original effective beam waist radius. Since a typical 150 μrad beam implies an effective waist radius of 2.26 mm, the effect of beam spread on signal level for such systems is relatively small, i.e. a few percent.
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Atmospheric turbulence produces a fluctuation in the received intensity at a point detector. During satellite laser ranging aperture averaging, which occurs at both the target retroreflectors and at the ground receiving telescope, tends to reduce the magnitude of the fluctuations. Thus the round trip propagation geometry must be considered when evaluating theoretical scintillation levels. The effect of scintillation is significant under conditions of strong turbulence. In contrast with above mentioned, we have been investigating the influence of atmospheric turbulence on the propagation of a picosecond laser pulse. In this case, the fluctuation should be not described as a coherence length, but typically as a time jitter of absolute delay of laser pulse propagated trough the atmosphere. The research was motivated by the needs of highly precise laser ranging of ground, air and space objects. The ground targets laser ranging with picosecond single shot resolution revealed the fact, that the resulting precision in influenced, among others, by the atmospheric index of refraction fluctuations. The influence of the atmospheric refraction index fluctuations on the star image is known for a long time, it is called seeing (Bass, 1992) . It has been studied for more than a century. It represents a serious limitation in the astronomical images acquisition. The angular resolution of large astronomical telescope is limited by the seeing, its influence is much larger in comparison to a diffraction limit. Recently, numerous techniques exist for seeing compensation by means of adaptive optics (Roddier, 1998) active and nowadays also passive. The interesting point of view is the comparison of propagation delay between microwave and optical region. Due to the refractive index and its variations within the troposphere, the microwave signal is also naturally delayed as the optical laser pulse propagated. Typically, the total delay of the radio signal is divided into "hydrostatic" and "wet" components. The hydrostatic delay is caused by the refractivity of the dry gases in the troposphere and by the nondipole component of the water vapour refractivity. The main part, or about 90 % of the total delay, is caused by the hydrostatic delay and can be very accurately predicted for most of the ranging applications using surface pressure data. The dipole component of the water vapour refractivity is responsible for the wet delay and amounts to about 10% of the total delay. This corresponds to 5-40 cm (above 1 ns) for the very humid conditions. The mapping function is used to transform the zenith troposphere delay to the slant direction. In recent years, the so-called Niell Mapping Function served as a standard for processing microwave measurements. It was built on one year of radiosonde profiles primarily from the northern hemisphere (Niell, 1996) . Compared to the microwave technique, the main advantages of the SLR measurements are the insensitivity to the first and higher order ionospheric propagation effects, and the relatively high accuracy with which water vapour distribution can be modelled. Ions are too heavy and sluggish to respond to optical frequencies in the 300 to 900 THz band. Laser wavelengths in the visible and ultraviolet bands are typically far from strong absorption feature in the water vapour spectrum. Signal delay due to the water vapour in atmosphere is significantly different in the optical versus the microwave band. The ratio is about 67, meaning that the typical "wet component" in the zenith direction of about 5-40 cm (above 1 ns) for the microwave band (GPS) corresponds to the delay of about 0.1-0.6 cm (2 ps) for optical band. Since the effect is relatively small, about 80 % of the delay can be modelled by means of surface pressure, temperature and humidity measured on the station. Recently GNSS-based measurements offered new and promising possibilities, the global IGS network and dense regional GNSS networks developed all around the world provide high temporal information on the integrated atmospheric water vapour. Fig. 1 . Results of two wavelength ranging experiment (Hamal et al., 1988) ; pulse temporal profiles recorded by the linear streak camera (a) and delay histograms from indoor (b) and outdoor (c) ranging.
In contrast to astronomical imaging trough turbulent atmosphere, the picosecond pulse propagation and its distortion in a time domain has been studied just recently, once the picosecond lasers, detection and timing techniques became available. The effect has been observed for the first time (Hamal et al., 1988) , when laser pulses 10 picoseconds long at the wavelength of 1079 nm and 539 nm were propagated different atmospheric path length two way, see figure 1. The pulses were transmitted simultaneously using passively mode locked Nd:YAP laser, part of the energy was converted to the second harmonic, pulses were propagated to the ground target formed by corner cube retroreflector at distances ranging from 1 to 200 meters. The returned optical signal was analysed using a linear streak camera. The streak camera together with image processing enabled to monitor simultaneously the returned signal beam direction fluctuations and fluctuations of the time interval between the two wavelength pulses. The timing resolution of the technique was high -typically 0.5 picosecond. The experiments showed the dependence of the pulse propagation delay fluctuation on both propagation distance and atmospheric fluctuation conditions. The 438 propagation delay fluctuations caused by the turbulent atmosphere were in the range of 0 to 1.5 ps for the propagation length 1 to 200 meter two way. The experiment described above provided encouraging results, however, the technique (Hamal et al., 1988) was not suitable for routine measurements over longer baselines.
Theoretical models
The atmospheric turbulence -mixing of air of different temperatures, which causes random and rapidly changing fluctuations of air refractive index and hence unpredictable fluctuations from standard models of atmospheric range correction. We tried to estimate the atmospheric contribution to the ranging jitter using 1. an existing numerical modeling code (physical optics approach) 2. an analytical model developed by C. S. Gardner (geometric optics approach). We used the commercial version of the General Laser Analysis and Design (GLAD) code (AOR, 2004) . GLAD is an extensive program for modelling of diffractive propagation of light through various media and optical devices. The light is considered to be monochromatic and coherent (or partially coherent). The electromagnetic field in GLAD is described by its two-dimensional transversal distribution. Two arrays of complex numbers (one for each polarization state) represent the intensity and phase at each point in x and y axis. The propagation is done by the angular spectrum method. That means the field distribution is decomposed into a summation of plane waves, these plane waves are propagated individually and then resumed into resulting distribution. A user specifies a starting distribution at first and then applies aberrations, apertures, etc., and finally performs diffractive propagation of the distribution to some distance. At the end, the resulting distribution can be analysed. Using GLAD, we developed a model of atmospheric light propagation according to recommendations in GLAD Theoretical Description (AOR, 2004) . It consists of alternating steps of random aberration and diffractive propagation applied to the initial plane wave. After many attempts with different input parameters this model gives always pathlength RMS only several micrometers, i.e. negligible. What is even more surprising, the computed pathlength RMS does not significantly increase with L 0 , as was expected from theory, although the wavefront size was always selected large enough (10 × L 0 ) to model even the lowest-frequency aberrations. Therefore we have found this model not well describing the satellite laser ranging signal delay although the far field intensity profile has been modeled correctly. The origin of the problem has not been identified. The GLAD atmospheric model and its results correspond well to the "adaptive optics problem"; the corrections applied in adaptive optics are of the order of micrometers, just the values predicted by the model. It is interesting discrepancy between wavefront shift necessary to correct the beam position and absolute propagation delay even of corrected laser beam. In ref. (Gardner, 1976) derived analytical formulae that allow us to predict the turbulence--induced random pathlength fluctuations, directly for the case of satellite laser ranging, or generally for propagation delay. He also computed some concrete results and predicted that the RMS path deviations could reach millimeters, and at some extreme situations even several centimeters. However, Gardner used a very rough model of C n 2 height dependence, which resulted in larger values of C n 2 than are recently observed. We evaluated the Gardner's formulae using the recent model of C n 2 height profile. For ground-to-space paths, we have selected the Hufnagel-Valley (Bass, 1992) model. This approach is predicting 
(eq. 20 in the Gardner's article, using the Greenwood-Tarazano spectral model of turbulence). σ turb is the turbulence-induced ranging jitter, C n 2 (ξ= 0) is turbulence strength at the beginning of the beam path (ξ is the distance from the observatory measured along the beam propagation path), L 0 is the turbulence outer scale (must be estimated) and L e is effective pathlength given by
That means if we want to predict the turbulence-induced ranging jitter on a given path, we have to know integral of the turbulence strength C n 2 along the path, and the outer scale L 0 . The integral can be determined from measurement of astronomical seeing (FWHM of long exposure stellar image profile). To derive the relation between seeing and turbulenceinduced ranging jitter, we used the two following relations www.intechopen.com where FWHM represents the value of seeing, r 0 is Fried's parameter, λ is wavelength of the seeing measurement, k is optical wavenumber equal to 2π/λ, and L is one-way target distance. Using these relations, we were able to derive a relation allowing us to predict the turbulence-induced ranging jitter from the seeing measurement: 
for a horizontal path. In the case of slant path to space, a star located at the same elevation as the ranging target can be used to measure the seeing FWHM. In the case of horizontal path, a ground-based point light source can be used, located in the same direction and the same distance as the ranging target (otherwise a correction for different distances must be applied).
Experimental setup
The experimental part was carried out at the Satellite Laser Ranging (SLR) station in Graz, Austria. The site is located 400 meters above the sea level. The laser ranging system consists of Nd:YAP diode-pumped laser with second harmonic generation (wavelength 532 nm, pulse width 8 ps), 10 cm transmitter telescope and 50 cm receiver telescope. The echo signal is detected by C-SPAD (Kirchner et al., 1997) (single photon avalanche detector with time walk compensation) and the time intervals are measured using event timer ET (Kirchner, Koidl, 2000) . The laser operates at 2 kHz repetition rate, giving us sufficient sampling rate for the atmospheric influence investigation. The single shot precision of the whole system is 1 mm RMS (tested by ground target ranging). Such high repetition rate and ranging precision were necessary for the investigation of the turbulence influence, since the expected turbulence-induced jitter was of the order of one millimeter (maximum) and the fluctuation frequencies were expected up to 1 kHz. We used three different types of laser ranging ground-based cube-corner retroreflector, a mobile retroreflector mounted on an airplane, and Earth orbiting satellites equipped by corner cube retroreflectors, see figure 3 . In parallel, the atmospheric seeing was measured for a horizontal path of 4.3 km and a star in elevation close the satellite path. The standard Differential Image Motion Monitor (DIMM) technique (Beaumont, 1997) was employed. The ground-based target was a cube-corner retroreflector mounted on a mast located 4.3 kilometers from the observatory. The laser beam path was horizontal and led over a hilly terrain covered with forests and meadows, with average height above the surface about 50 meters. Fig. 3 . Laser ranging to different targets and simultaneous seeing measurement to monitor atmospheric condition.
In the case of satellite ranging, we selected two satellites with low signature (not spreading the laser pulse in time) and high return energy, which leads to the best achievable ranging precision: ERS-2 and Envisat. We analyzed selected segments of their passes corresponding to different elevation above the horizon. Unfortunately, the laser ranging to an airplane based retro reflector did not provide sufficiently high quality data due to difficulties of optical tracking of such a target. The typical measurement series consisted of hundred thousand of range measurements, normally distributed around the mean value. Since not every returns came from the retro (noise, prepulses), the typical sampling rate was around 1 kHz. This means the dataset covered about 100 seconds in time. However, the jitter of the measured range was sum of the instrumental jitter (stop detector, electronics etc.) and the turbulence-induced jitter:
Thus we had to extract the pure turbulence contribution σ 2 turb from the overall jitter σ (sigma denotes standard deviation). We took advantage of the knowledge that the instrumental jitter is completely random from shot to shot (behaves as white noise), whereas the atmospheric fluctuations are typically correlated over several neighboring shots (their time spectrum is spread from 0 to some maximum frequency fmax, lower than the sampling frequency of 1 kHz). Fig. 4 . Example of 4.3 km distant ground target ranging data (points) and 200-point moving average (line). Note the relatively fast turbulent fluctuations, and the long-term trend, later removed by polynomial fitting. The "pixelation" of orig. data is caused by a rounding of non-integer resolution of event timer -1.2 ps.
If we compute averages from every N a points of the dataset (normal points analogy from satellite laser ranging), the instrumental jitter will decrease root-square-of-N a times, whereas the jitter of turbulence-induced fluctuations will remain the same, if the averaging interval will not be too wide. This is a similar situation to a sine wave combined with random noise -if the averaging interval will be shorter than approximately ¼ of the sine period, the sine wave will not be influenced by the averaging, whereas the random noise will be lowered. Now we can write an equation for the jitter σ avg after the averaging:
now we have two equations (1) and (2) for two unknown variables σ turb and σ inst . Hence, the result will be 
This is the way, how to find out the pure turbulence contribution σ turb to the overall ranging jitter σ. However, there still remains the task to find out the maximum possible averaging interval Na. From above, the time interval corresponding to N a must be shorter than approximately ¼ of the period of the fastest atmospheric fluctuation. Considering the spectral distribution of atmospheric fluctuations (Kral et al., 2006) the value N a = 3 was used. The long-term trends in ranging data, caused by slow temperature and pressure changes during the measurement, see figure 4 , were removed by polynomial fitting and computing of the residuals before further analysis, see figure 5 . For the time spectrum see figure 6 . Data was measured at SLR station Graz on May 10, 2004. 
Results
The computed values of the atmospheric turbulence contribution to the laser ranging fluctuation are summarized on figure 7 and 8. The figure 7 corresponds to the horizontal beam propagation, the figure 8 corresponds to the slant path to space for elevation range between 15 and 65 degrees. The measured values -filled squares -are plotted over the theoretical curves computed for different values of the outer scale parameter L 0 . From these two figures one can conclude, that the values of 30 meters and 100 meters fit best the measured values for the horizontal and slant path to space respectively. This is a first experimental determination of the outer scale parameter. The outer scale L 0 is key to measure, and still not well understood. By measurement of seeing parameter together with determination of the laser ranging jitter from satellite laser ranging data, the outer scale L 0 can be determined. However, to carry out such a measurement, the high repetition rate laser ranging system (2 kHz rate is a minimum) with (sub) millimeter single shot instrumental ranging precision is required. These are quite challenging system requirements.
Future outlook
As it was described in the previous chapters, the instrumental precision of the laser ranging system is a key to the atmospheric turbulence influence on the laser pulse propagation studies. Recently, new technologies are emerging and becoming available, which will improve the instrumental resolution of the laser ranging chain, namely new timing systems and improved echo signal detectors. Fig. 9 . N-PET timing device temporal resolution, two channel cable delay test.
The new sub-picosecond resolution event timing (N-PET) system has been developed by our group (Panek & Prochazka, 2007) . It provides the single shot timing resolution of 920 femtoseconds per channel, see figure 9 , and excellent timing linearity and temporal stability, see figure 10 , of the order of hundreds of femtoseconds. This novel timing system has been tested at the laser ranging facility in Graz and provided better instrumental resolution of the system along with ranging data distribution closed to the normal one. The second key contributor to the instrumental resolution limitation is the echo signal detector. The avalanche photodiode based detector operating in the single and multi-photon counting regime is routinely used (Prochazka et al., 2004) . Recent achievements in the detector chip signal processing (Blazej & Prochazka, 2008) will enable to lower the error correlated with the signal strength fluctuation and hence further improve the instrumental resolution namely for ranging to space targets. Fig. 10 . N-PET timing device temporal stability.
Conclusion
We are presenting the results of the studies related to propagation of ultrashort optical pulse through the turbulent atmosphere. Three independent types of path configurations have been studied: horizontal path, slant path at elevation 10 -80 degrees to a flying target and slant path from ground to space. The correlation of the atmospheric turbulence with the propagation delay fluctuation was measured. The appropriate theoretical model was found and matched to the experimental results. The entirely different approach in comparison to adaptive optics was developed to describe the effect. The experiments described enabled us for the first time to determine the outer scale parameter L 0 on the basis of direct measurement. The recent achievements in the field of pulsed lasers, fast optical detectors and timing systems enable us to resolve the effects of propagation differences monitoring on the level of units of picosecond propagation time. Additionally, new techniques of optical receivers signal processing give a way to distinguish the atmospheric fluctuations contribution from the energy dependent detection delay effects.
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